Abstract. Optical absorption and luminescence spectra of 2,5-di-(2-benzoxazolyl)phenol in its solid state are measured and analyzed. The photoluminescence spectrum of this material is found to exhibit both low-and high-frequency fluorescence bands in the solid state. The dual fluorescence observed is caused by close energies of enol and keto structures in the excited states. The changes found in the fluorescence spectrum are attributed to distortion of molecule in the excited state.
Introduction
2,5-di-(2-benzoxazolyl)phenol abbreviated hereafter as DBP (see Fig. 1 ) is an organic luminescent substance that demonstrates efficient fluorescence in the visible region and a large Stokes shift [1] . This shift is caused by a photoinduced excited-state inramolecular proton transfer (ESIPT) which transforms the molecule from enol to keto structure. Spectroscopic studies of the ESIPT in DBP have earlier been performed for the solution, the gas phase and the polymer matrices. Besides, the fluorescence with a large Stokes shift originated from keto form of the molecule and a weak fluorescence with a normal Stokes shift have been found for the solution and the polymer matrices [2, 3] . The weak fluorescence has been attributed to the structure that does not undergo the ESIPT. Presumably, it is a rotamer with an OH…O intramolecular hydrogen bond [2] . In the present work we study for the first time both the optical absorption and the luminescence spectra of DBP in its solid state.
Experimental and computational details
A sample of DBP studied in this work was kindly provided by Prof. Joel M. Kauffman (the University of the Sciences in Philadelphia, PA). The polycrystalline powder was obtained by evaporating solution in CCl 4 at the room temperature. The measurements for the solution were performed in CCl 4 , with the concentration 2·10 -6 M. The absorption spectra were measured using a Shimadzu UV-3100 spectrophotometer with the resolution of 1 nm. The absorption spectrum of solid-state DBP was measured in a KBr pellet. The fluorescence spectra were recorded using a Jasny spectrofluorimeter [4] with the resolution of 4 nm at the room temperature and the excitation wavelength of 336 nm. A front-face illumination of the sample was used. Finally, quantum chemical calculations were performed with GAMESS [5, 6] and ORCA [7, 8] program packages that employed the methods associated with density functional theory and time-dependent density functional theory. The geometry of the structures was obtained with a B3LYP functional and 6-31G(d,p) basis set followed by single-point energy calculations with B2PLYP functional and SVP basis set. Additional single-point calculations are needed for inclusion of double excitations. It has been found [9] that the calculations with the B3LYP functional yield a qualitatively wrong result predicting the energy of the enol structure by ca. 0.14 eV lower than that for the keto structure. This result implies that the short-wavelength fluorescence arisen from the enol structure should dominate, which contradicts the available experimental evidence [2, 3] . 
Results and discussion
The absorption spectrum of DBP in the solution reveals a single band in the region 3.2-4.5 eV with a clear vibronic structure (see Fig. 1 ). The corresponding peaks are located at 3.33, 3.51, 3.79 and 3.94 eV. Here DBP exhibits a dual fluorescence: a weak band with the vibronic components at 3.02, 3.20 and 3.38 eV, and a strong band with large Stokes shift. It has a distinguishable vibronic structure with the components located at 2.46 and 2.36 eV. The spectra for the solid state differ substantially from those found for the solution. One can observe a sharp peak in the absorption spectrum at 3.19 eV and a wide band in the range 3.28-4.30 eV. The fluorescence spectrum consists of a weak band located at 2.75 eV, which is overlapped with an intense band peaked at 2.27 eV which manifests a large Stokes shift and a shoulder at about 2.38 eV (see Fig. 1 ). The absorption and luminescence spectra of DBP obtained for the solution are analogous to those reported in Ref. [3] for the solution in 3-methylpentane. The molecule of DBP can exist in several conformations that differ by relative orientation of benzoxazole moieties (see Fig. 2 ). The energy levels calculated for different structures in the ground and first excited states are shown in Fig. 2 and the vertical transition energies are presented in Fig. 1 . It should be noted that the calculations overestimate the transition energies by 0.3 eV, although this overestimation is rather systematic (see Fig. 1 ). Our calculations show that the absorption band consists of two electronic transitions. The vibronic bands located at 3.33 and 3.51 eV are related to S 0 -S 1 transition, whereas the bands peaked at 3.79 and 3.94 eV correspond to S 0 -S 2 transition. The energy of the structure formed by rotation of non-hydrogen-bridged moiety (II) is only a little (~ 0.01 eV) different, while the corresponding spectral components cannot be distinguished using the room-temperature measurements. The energy difference of the enol and keto structures in the excited state is 0.06 eV so that the large Stokes shift in the fluorescence is caused by the energy difference of about 0.87 eV in the ground state. Nevertheless, the structured weak band observed at 3.2 eV comprises, at least partly, radiation from the structure that differs from the structure I. The reason is that its component 3.38 eV is apparently higher in energy than the first absorption band at 3.33 eV, thus contradicting the Stokes shift observed in the fluorescence. This overlap of the luminescence and the absorption leads to quenching of this band via energy transfer to surrounding molecules in the crystal. The possible origin of this weak fluorescence is a conformation with an OH…O intramolecular hydrogen bond (the structure III). The energy of the corresponding vertical transition is calculated to be blue-shifted by 0.02 eV with respect to the energy of the transition found for the structure I.
Finally, the quantum chemical calculations [9] demonstrate that the rotation of benzoxazole and phenol parts of the keto structure decreases the gap between the ground and first excited states, which approaches a small value, 0.28 eV. The barrier for the rotation in excited state S 1 is low (the estimated value being 0.08 eV) and the molecule can be distorted by the crystal field in its excited state. This provides the red-shift effect observed by us and the redistribution of the intensity of vibronic components of the fluorescence with the large Stokes shift upon crystallization.
Conclusion
The photoluminescence spectrum of 2,5-di-(2-benzoxazolyl)phenol is reported for the first time. We find that the fluorescence of this solid material differs qualitatively from the fluorescence spectrum observed for the same substance dissolved in a nonpolar solvent. Flexibility of the molecule in its excited state enables decreasing fluorescence frequency, which originates from the keto form and the crystalline environment. The above results can be utilized when fabricating new luminescent materials.
